in unprotected peptides. We further show how this chemistry can be applied towards peptide stapling rendering a new class of cell-permeable and bioactive peptides and small proteins.
We focused on determining optimal conditions for coupling cysteine thiols and perfluorinated substrates using a model system featuring protected amino acid precursors. Reacting protected cysteine 1 with hexafluorobenzene 2a in the presence of base in polar organic solvents (see SI) for 4.5 hours led to substantial formation of the disubstituted product 3a (Figure 1 , see SI for details on characterization).
Disubstitution (1, 4) was observed exclusively in this process, even when hexafluorobenzene was used in excess (10-fold) with 1. Progress of this reaction was monitored by the in situ 19 F NMR spectroscopy, where the starting material and product exhibited two distinct resonances (δ -138 and -167 respectively, see Figure 1 and SI). Importantly, no substitution other than 1,4 was observed under these conditions, highlighting the unique regioselectivity of this process. The observed reactivity pattern was previously rationalized by the steric hindrance of the 2,5-(ortho) C-F sites 5a and simultaneous activation of the 4-(para) C-F moiety 5b of the aromatic ring by the thioether moiety formed in the monosubstituted species. The ability of the sulfur to stabilize the negative charge in the intermediate species after the first substitution, ultimately leads to increased rate of a second thiolate substitution thus favoring disubstituted species. Similar reactivity was observed when decafluorobiphenyl species 2b was used instead of 2a (see SI and Figure 1 ). We evaluated chemoselectivity of this S N Ar process by screening several amino acids, which could potentially compete with the thiolate as a nucleophile (see SI). We observed no reactivity when competing reactions between carboxylate and amine unprotected cysteine analogs of 1, as well as lysine and histidine were used under similar reaction conditions in DMF at room temperature. The unique regio-and chemoselectivity observed in the reactions between perfluoroaromatic molecules 2a and 2b and cysteine 1 thus prompted us to evaluate this chemistry for stapling of unprotected peptides.
Previous studies established chemical transformations for side-chain crosslinking in a polypeptide for residues positioned in an i, i+4 fashion. The resulting peptide structure is commonly referred to as "stapled" motif. 6 Researchers previously showed that "stapled" peptides exhibit different chemical and biological properties than their parent-unstapled surrogates. 6 While a number of well-established approaches for peptide stapling currently exist, 6 we envisioned that cysteine perfluoroarylation may lead to a new class of these species with new properties owing to the rigidity and lipophilicity of the perfluoroaromatic linkers. To test the developed protocol (vide supra) with unprotected peptides, we designed and synthesized two short peptide sequences 4 and 5 (for 5 see SI) that contained cysteine residues separated by 3 amino acids (i, i+4).
By simply incubating unprotected peptide (0.5-2 mM) 4 in the presence of 50 mM solution of TRIS (tris(hydroxymethyl)aminomethane) base in DMF for 4.5 hours with either 2a or 2b substrates, significant conversion of the starting material was observed by LC-MS ( Figure 2 and SI) yielding stapled peptides 4a, b. These same experiments were carried out with peptide 5 (see SI for details on 5 series) and similar outcomes were observed. Progress of the reaction and the identity of the products were monitored by LC-MS and in situ 19 F NMR spectroscopy ( Figure 2 and SI). In both cases, the observed conversions of the starting peptide were greater than 90%.
We then decided to evaluate our stapling protocol on more sophisticated peptide sequences to understand how perfluoroaromatic bridges affect the chemical and biological properties of these variants. We thus synthesized a model peptide 6 (Scheme 1) that is capable of binding the C-terminal domain of an HIV-1 capsid assembly polyprotein (C-CA). 7 In particular, Cowburn et al. previously showed that stapling this sequence via olefin metathesis (approach originally developed by Grubbs and co-workers 6g , later elaborated by Verdine et al. 6c ) could efficiently stabilize its α-helical conformation, rendering it more efficient in intra-cellular uptake and binding (K d ~ 1 μM) to C-CA (Scheme 1, peptide 9). 8 Peptide 6 (Scheme 1A) featuring 14 amino-acid residues with two cysteines positioned in an i, i+4 fashion, was successfully synthesized via Boc/Benzyl in situ neutralization solid-phase peptide synthesis (SPPS). 9 Peptide 6 was further stapled with 2a and 2b through the developed protocol on a multi-milligram scale, affording the desired peptides in ~70% yield after RP-HPLC purification. Circular dichroism (CD) spectroscopy was used to probe the effect of stapling on the conformational features of the peptides ( Figure 3A and SI). While the CD spectra of 6 and 6b (minima at 208 and 222 nm) showed an α-helical motif, the spectrum of 6a revealed an unusual behavior featuring a maxima at 222 nm and a minima at 208 nm ( Figure 3A ). 6a We hypothesized that the C 6 F 4 linker may be responsible for this behavior and thus performed control CD spectroscopic measurements on 3a and 3b. Indeed, in the case of 3a we observed a well-defined CD spectrum exhibiting absorbance maxima at 222 nm. For 3b, a similar spectrum, but with a decreased molar residual ellipticity (MRE) value centered at ~ 226 nm was observed ( Figure 3B ). While the nature of the signals in the CD spectra of 3a and 3b is yet to be determined, we were able to semi-quantitatively estimate the helical content of 6, 6a-b, assuming that MRE values arising from the introduction of the perfluorinated staple do not change significantly between 3a/3b and 6a/ 6b, respectively. We observed that while species 6 exhibited approximately 16% α-helical structure, stapling with 2a significantly enhances the α-helical content of the stapled peptide 6a up to 53%. For 6b, stapling was done with a longer linker (2b) and the α-helical content changed to 36%. This modest change is not surprising since the length of 2b is significantly longer than the distance between two Cys residues positioned at i, i+4 in a model α-helix.
These observations were further corroborated from the molecular dynamics (MD) simulations of peptides 6 and 6a, b (see SI).
To test whether the perfluoroaryl crosslinks affects the proteolytic stability of the modified variants, we compared the distributions of cleaved products of 6 and 6a, b by LC-MS after treatment with protease. From these experiments we observed enhanced proteolitic stabilities of stapled 6a, b compared to unstapled peptide 6, when these species were incubated with trypsin or chymotrypsin (see SI). This is consistent with the observed conformational changes in stapled peptides 6a, b rendering these structures less prone to amide-bond cleavage by proteases. A drastic difference was observed when proteinase K was incubated with these peptides. As such, no Leu-Leu cleavage was observed for 6a, b (in contrast to 6) upon prolonged incubation of these peptides in the presence of proteinase K (3 hours, see SI), suggesting that the perfluoroaryl staple is capable of protecting the amide bonds positioned between the two Cys residues (see SI). We then evaluated and compared the binding affinities of peptides 6 and 6a, b using surface-plasmon resonance (SPR) assay enabled by the Biacore system. C-CA protein domain was immobilized on the Au-based chip via covalent attachment chemistry, and peptide analytes were evaluated at 5 μM concentrations ( Figure 3C and SI). From these experiments we observed binding affinity differences, where the stapled peptides 6a, b were identified as better binders than 6. Significantly, observed binding trend correlates with the α-helicity of the peptides, which is consistent with the work of Debnath and coworkers. 8 We further investigated whether these stapled peptides possess enhanced cellular interaction properties due to the combination of altered secondary structure and enhanced hydrophobicity provided by a perfluorinated staple moiety. 10 To evaluate these properties we synthesized FITC-based dye-labeled variants of 6a, b referred to as 7a, b (Scheme 1). Stapling of the unprotected FITC-labeled peptide 7′ occurred smoothly and was not inhibited by the presence of a thiourea moiety (in contrast to the case of the olefin metathesis approach). 6c Upon incubation of these peptides at 5μM concentrations with HEK293T cells for 4 hours, we observed significant uptake of the stapled peptides 7a, b ( Figure 3E ) localized in the endosomes (green punctate fluorescence) and in the cytosol (green fluorescent haze). Importantly, no fluorescent positive cells were observed for the unstapled variant 7 via confocal microscopy, and control experiment with 9 (peptide analog stapled via olefin metathesis, Scheme 1) suggested that 7b qualitatively exhibits similar uptake properties. Additional experiments with flow cytometry revealed similar trend in peptide uptakes ( Figure 3D and SI) .
Further control experiments with non-stapled peptide variants 8a and 8b (Scheme 1B) featuring perfluoraromatic units installed only on one cysteine residue suggest that stapling is an essential requirement rendering these peptides cell-permeable. Finally, we evaluated whether the developed stapling chemistry is compatible with the conditions used for the total chemical synthesis of proteins. We chose to install a staple on the C-terminal helix of a previously engineered affibody that has ~ 1 nM affinity for the HER-2 protein receptor. 11 Affibodies 10 and 10a were prepared via consecutive native chemical ligation (NCL) 12 from three fragments, where the C-terminal peptide was stapled using the developed protocol ( Figure 4A and SI). Upon examination of the CD spectra of the synthesized affibodies 10 and 10a we observed a well-defined α-helical motif ( Figure 4B ), suggesting the introduction of the perfluoroaryl staple did not alter the overall protein topology (note, that the contributions of the perfluoroaryl moieties in these CD spectra still persists, vide supra).
Notably, temperature dependent melting properties of 10a were not compromised from the introduction of the staple. Furthermore, upon evaluating binding properties of these affibodies ( Figure 4C ) we observed similar binding of the stapled affibody as compared to the alkylated congener 10. While the concept of utilizing stapled peptides in the protein total synthesis was originally described by Verdine and Kennedy in their recent patent application, 13 to the best of our knowledge, this is the first example demonstrating incorporation of stapled peptide motif within the structure of a larger protein scaffold without significantly altering its functional properties.
In conclusion, we demonstrated a new and mild synthetic platform for cysteine arylation. The developed method operates at room temperature in polar organic solvents and shows excellent selectivity and functional group tolerance. As a result, we were able to utilize this approach towards stapling unprotected peptides, thereby positively altering their biological properties. We further demonstrated incorporation of a perfluoroaryl staple within the small tri-helical affibody protein. We believe this approach may expand the toolkit of available chemical transformations to alter the properties of biomolecules that contain a thiol. In addition, our approach is complementary in several aspects to the olefin metathesis mediated peptide stapling. The chemistry reported here, operates on unprotected peptides, does not necessitate the use of a metal-based catalyst, and poses no requirement for expensive nonnatural amino-acid precursors. 6c Furthermore, in contrast to bromoalkyl/benzyl chemistry that can produce over-alkylated species, this platform is selective towards cysteines and provides staples featuring lipophilic perfluorinated moieties. 6f Efforts to establish in-depth structural understanding of the described stapled system, elucidate precise mechanism for the observed cellular uptake and broaden the synthetic scope of the cysteine arylation are currently under active investigation in our laboratories. 
